Oncocytic tumors are characterized by cells with an aberrant accumulation of mitochondria. To assess mitochondrial function in neoplastic oncocytic cells, we studied the thyroid oncocytic cell line XTC.UC1 and compared it with other thyroid non-oncocytic cell lines. Only XTC.UC1 cells were unable to survive in galactose, a condition forcing cells to rely solely on mitochondria for energy production. The rate of respiration and mitochondrial ATP synthesis driven by complex I substrates was severely reduced in XTC.UC1 cells. Furthermore, the enzymatic activity of complexes I and III was dramatically decreased in these cells compared with controls, in conjunction with a strongly enhanced production of reactive oxygen species. Osteosarcoma-derived transmitochondrial cell hybrids (cybrids) carrying XTC.UC1 mitochondrial DNA (mtDNA) were generated to discriminate whether the energetic failure depended on mitochondrial or nuclear DNA mutations. In galactose medium, XTC.UC1 cybrid clones showed reduced viability and ATP content, similarly to the parental XTC.UC1, clearly pointing to the existence of mtDNA alterations. Sequencing of XTC.UC1 mtDNA identified a frameshift mutation in ND1 and a nonconservative substitution in cytochrome b, two mutations with a clear pathogenic potential. In conclusion, this is the first demonstration that mitochondrial dysfunction of XTC.UC1 is due to a combined complex I/III defect associated with mtDNA mutations, as proven by the transfer of the defective energetic phenotype with the mitochondrial genome into the cybrids. (Cancer Res 2006; 66(12): 6087-96) 
Introduction
Oncocytic adenomas and carcinomas are a subset of thyroid tumors predominantly composed (at least 75%) of oncocytic cells. These cells are characterized by an aberrant accumulation of mitochondria that results in a distinctive granular eosinophilic appearance in conventional histology sections. Tumors composed of oncocytic cells may occur at a variety of sites but are particularly common among thyroid tumors of follicular cell derivation (1) . Oncocytic thyroid tumors have long been suspected to be more aggressive than their non-oncocytic counterparts (1) and the presence of oncocytic features is now considered an adverse prognostic indicator for follicular thyroid carcinomas (2) . Decreased survival in patients with oncocytic carcinomas may be due to reduced competence in iodine uptake by the tumor cells, resulting in poor response to radioiodine treatment (1) . Thyroid oncocytic cells have been associated with mitochondrial abnormalities, such as loss of electron transport components, deficiencies in energyrelated functions, and impaired protein synthesis (3) . The mitochondrial respiratory chain is a major source of reactive oxygen species (ROS), which in excess can damage mitochondria and mitochondrial DNA (mtDNA), eventually contributing to the promotion of tumor development. Mitochondrial abnormalities have in fact been described in many tumors (4, 5) . The main sources of mitochondrial ROS are complex I and complex III of the respiratory chain (6) . It is worth noting that many mtDNA nucleotide changes have been found in complex I and IV subunit genes in thyroid tumors (3, 7, 8) . However, the functional relevance of these mutations on the biochemical phenotype has not been investigated.
Defective mitochondrial ATP synthesis has been reported in thyroid oncocytomas, suggesting that an impaired oxidative phosphorylation might induce mitochondrial hyperplasia and proliferation in these tumors as a compensatory mechanism (9, 10) .
To assess the bioenergetic efficiency of mitochondria, we analyzed the thyroid oncocytic follicular cell line XTC.UC1 and compared it with other non-oncocytic lines of follicular cell derivation. In this study, we show that only XTC.UC1 cells exhibited a remarkable loss of viability when glycolysis is dramatically reduced and cells are forced to rely solely on mitochondria for ATP production (11) . Furthermore, the rate of ATP synthesis and oxygen consumption driven by complex I substrates and the complex I/III enzymatic activities were all significantly decreased. This biochemical phenotype was cotransferred into the transmitochondrial cell hybrid (cybrid) model with the XTC.UC1 mtDNA, indicating that mutations in this genome are responsible for the respiratory defect. Entire mtDNA sequencing indeed revealed two mutations in complex I and complex III subunit genes, which fulfill the main criteria for being pathogenic. These combined functional and molecular approaches have allowed us to correlate for the first time the bioenergetic defect with the presence of mtDNA mutations in an oncocytic cell model.
Materials and Methods
Materials. Carbonyl cyanide p-(trifluoro-methoxy)phenylhydrazone, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), rotenone, antimycin A, ADP, and ATP were purchased from Sigma (Milan, Italy). Dichlorodihydrofluorescein diacetate was from Molecular Probes (Invitrogen, Milan, Italy). ATP monitoring kit was from BioOrbit (Turku, Finland). Antibodies used for Western blot were mouse antibodies for complex I, II, and IV subunits, purchased in cocktails from MitoSciences (Eugene, OR); rabbit polyclonal antibody against human ND1 subunit, a kind gift from Dr. A. Lombes (Institut National de la Sante et de la Recherche Medicale, Hospital Salpetriere, Paris, France); rabbit antibody for complex III, a kind gift from Prof. C. Godinot (University Claude Bernard de Lyon, France); and mouse monoclonal antibody for porin, purchased from Molecular Probes (Invitrogen).
Cell cultures and growth conditions. Human thyroid carcinoma cell lines used are oncocytic carcinoma cell line XTC.UC1 (derived from metastasis in the mammary gland of an oncocytic thyroid tumor; ref. 12) and non-oncocytic cell lines TPC-1 (derived from human papillary thyroid tumor), WRO (derived from human follicular thyroid tumor), and TAD-2 (human fetal thyroid cells). XTC.UC1 cells were grown in DMEM whereas the others in RPMI medium. Both media contained 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 units/mL penicillin, and 100 Ag/mL streptomycin.
Cybrid clones (HXTC) were constructed using enucleated XTC1.UC1 cells as mitochondria donors and the osteosarcoma 143B.TK À -derived Rho-0 cells as acceptors [kindly provided by Giuseppe Attardi (Division of Biology, California Institute of Technology, Pasadena, CA) and Michael King (Department of Biochemistry and Molecular Pharmacology, Thomas Jefferson University, Philadelphia, PA)]. The cybrid control cell line was the same as described in ref. 13 . Cybrid cell lines were grown in DMEM with 10% FBS, 2 mmol/L L-glutamine, 100 units/mL penicillin, 100 Ag/mL streptomycin, 0.1 mg/mL bromodeoxyuridine, and 50 Ag/mL uridine. Cultures were grown in a humidified incubator at 37jC with 5% CO 2 .
Cell viability measurement. Cells (4 Â 10 4 ) were seeded into 24-well plates and, after 24 hours, were incubated in DMEM glucose-free medium supplemented with 5 mmol/L galactose, 5 mmol/L Na-pyruvate, and 10% FBS (DMEM-galactose medium). The MTT assay was done as previously described (14) .
ATP assay. The amount of cellular ATP was determined by using the luciferin/luciferase assay as previously described (13) . The measurements of mitochondrial ATP synthesis were done in cells grown in DMEM-glucose according to ref. 15 with minor modifications. Briefly, after trypsinization, cells were resuspended (7 Â 10 6 /mL) in buffer A [10 mmol/L KCl, Figure 1 . Determination of cell viability and oxidative phosphorylation efficiency in different thyroid cell lines. Cell lines were incubated in DMEM-galactose medium for the times indicated. A, cell viability was determined using the MTT assay. MTT absorbance value at time 0 was considered as the 100% value of viable cells. Points, mean of three to five experiments; bars, SD. *, P < 0.05; **, P < 0.01, values significantly different from that of the other cell lines. B, ATP content was determined as described in Materials and Methods. Data are expressed as percent of ATP levels determined in DMEM-glucose (time 0). Points, mean of three to five experiments; bars, SD. *, P < 0.05; **, P < 0.01, values significantly different from that of TPC-1 cells. C, the rate of mitochondrial ATP synthesis was determined in cells treated with 50 Ag/mL digitonin. ATP synthesis driven by complex I (glutamate plus malate) or complex II (succinate plus rotenone) substrates was determined as described in Materials and Methods. The rates of ATP synthesis (nmol/min/mg) were normalized for citrate synthase (CS ) activity of the corresponding sample. Columns, mean (TPC-1, n = 6; XTC.UC1, n = 9); bars, SD. **, P < 0.01, values significantly different from that of TPC-1 cells. D, respiration measurements were done in digitonin-permeabilized cells, as described in Materials and Methods, in the presence of ADP (state 3). Respiratory rates (nmol O 2 /min/mg protein) are reported after normalization of the polarographic oxygen consumption rates to citrate synthase activity. Columns, mean; bars, SD. *, P < 0.05; **, P < 0.01, values significantly different from that of TPC-1.
25 mmol/L Tris-HCl, 2 mmol/L EDTA, 0.1% bovine serum albumin, 10 mmol/L potassium phosphate, 0.1 mmol/L MgCl 2 (pH 7.4)], kept for 15 minutes at room temperature, and then incubated with 50 Ag/mL digitonin for 1 minute. After centrifugation, the cell pellet was resuspended in buffer A and aliquots were taken to measure ATP synthesis, protein content (16) , and citrate synthase activity (17) . Aliquots of cells were incubated with 5 mmol/L malate plus 5 mmol/L glutamate (complex I-driven substrates) in the presence or absence of 10 Ag/mL oligomycin, or with 10 mmol/L succinate plus 2 Ag/mL rotenone (complex II-driven substrate), and 0.2 mmol/L ADP for 1 and 3 minutes. The amount of ATP was measured as described in ref. 13 . The rate of ATP synthesis was expressed as a ratio of citrate synthase activity (17) . Oxygen consumption measurements. Respiratory rates of digitoninpermeabilized cells grown in glucose medium were measured at 30jC using a Clark type oxygen electrode as previously described (18) . Oxygen consumption measurements were done adding either 10 mmol/L glutamate-10 mmol/L malate plus 0.4 mmol/L ADP (complex I-driven respiration) or 20 mmol/L succinate plus 0.4 mmol/L ADP (complex II-driven respiration) to the protein sample. Respiratory rates (nmol O 2 / min/mg protein) were reported after normalization of the polarographic oxygen consumption rates to citrate synthase activity (17) .
Respiratory chain oxidoreductase activities. The mitochondrial fraction was isolated from semiconfluent cultures of 150-mm dishes grown in glucose medium as described elsewhere (17) . All activities were measured with a dual-wavelength spectrophotometer (V550 extended model, Jasco Europe, Cremella-LC, Italy) at 30jC as described in ref. 19 , except mitochondrial protein content for NADH-decyl-ubiquinone reductase (100 Ag/mL; ref. 17) . Ubiquinol-cytochrome c reductase activity, succinate-cytochrome c oxidoreductase, and cytochrome c oxidase were assayed in the same NADH oxidase buffer conditions (17, 19) .
Determination of ROS. XTC.UC1 and TPC-1 cells were seeded and grown in glucose medium for 24 hours in 96-well plates (2 Â 10 4 per well). ROS production was measured after loading with 5 Amol/L dichlorodihydrofluorescein diacetate for 30 minutes (20) . After washing, cells were incubated for 1 hour in glucose medium in the presence or absence of 1 Amol/L rotenone, 10 Amol/L antimycin A, or 200 nmol/L carbonyl cyanide p-(trifluoro-methoxy)phenylhydrazone. Fluorescence measurements (excitation and emission wavelengths of 490 and 535 nm, respectively) were carried out with a fluorimetric plate reader (Multilabel Counter Victor 2 Wallac 1420). Fluorescence values are normalized for protein content (21) and citrate synthase activity (17) .
Western blotting. Cells were collected and resuspended in Laemmli buffer. Protein content was assessed by Coomassie staining (16) . For ND1 detection, mitochondrial fractions were lysed as described elsewhere (22) . Thirty micrograms of protein were separated by SDS-PAGE electrophoresis and transferred onto nitrocellulose membrane (Amersham Bioscience, Chalfont St. Giles-Bucks, United Kingdom). Mouse antibodies for complex I, II, and IV subunits were used according to the instructions of the manufacturer. Rabbit polyclonal antibodies against the human ND1 subunit and against complex III were used at 1:1,000 dilution. Mouse monoclonal antibody for porin was used at 1:5,000 dilution. Incubation with secondary antibodies and subsequent detection by chemiluminescence were done with the Western Breeze kit according to the instructions of the manufacturer (Invitrogen).
MtDNA sequencing. Total genomic DNA was extracted from cultured cell lines using the phenol/chloroform method according to standard protocols. Genomic DNA (1 ng) was used for amplification with the MitoALL Resequencing kit and PCR amplification was done in a final volume of 10 AL in a 9700 thermal cycler following the conditions given by the manufacturer (Applera, Foster City, CA). PCR products were purified by digestion with 10 units of EXOSAPit (U.S. Biochemical, Cleveland, Ohio) at 37jC for 30 minutes, followed by heat inactivation at 80jC for 15 minutes. The PCR product (5-10 ng) was used for direct sequencing with BigDye kit version 3.1 (Applera). Sequences were run in the ABI 3730 Genetic Analyzer automated sequencing machine.
Electropherograms were analyzed with Sequencing Analysis version 2.5.1 software and inspected with SeqScape version 2.5 software (Applera).
Heteroplasmy evaluation for XTC.UC1 and HXTC cybrid variants. PCR products amplified for ND1 and cytochrome b from XTC.UC1 and HXTC cybrid genomic DNA, as described above, were inserted into pcDNA2.1 vector using the TA cloning kit according to the instructions of the manufacturer (Invitrogen). Competent E. coli INV5a cells were transformed with the plasmids and selected on Luria-Bertani medium/ ampicillin/5-bromo-4-chloro-3-indolyl-h-D-galactopyranoside. White colonies were picked and grown at 37jC in Luria-Bertani medium/100 Ag/mL ampicillin. DNA was extracted according to ref. 23 and plasmids were sequenced as described above.
Statistical analysis. All analyses and experiments were repeated at least thrice. The results are presented as the mean F SD. Statistical analysis was done using the Student's t test.
Results
Cell viability and oxidative phosphorylation efficiency. To assess the presence of oxidative phosphorylation defects, growth in galactose medium was determined in the following cell lines: Figure 2 . Respiratory chain oxidoreductase activities and ROS production. A, complex I, complex II + complex III, complex III, and complex IV activities were determined in isolated mitochondria of both TPC-1 and XTC.UC1 cell lines as described in Materials and Methods. Columns, mean; bars, SD. *, P < 0.05; **, P < 0.01, values significantly different from that of TPC-1 cells. B, ROS production was determined by dichlorodihydrofluorescein diacetate fluorescence in the presence of the indicated inhibitors of respiration and of carbonyl cyanide p-(trifluoro-methoxy)phenylhydrazone (FCCP ). Data were expressed as fluorescence (arbitrary units) per milligram of protein and normalized to citrate synthase activity. Columns, mean; bars, SD. *, P < 0.01; the fluorescence of untreated cells (NONE) is used as a reference for statistical significance. All fluorescence values of XTC.UC1 cells were significantly different from that of TPC-1 cells (P < 0.002 for rotenone; P < 0.001 for all others). XTC.UC1, derived from a metastasis of an oncocytic thyroid follicular carcinoma (12); TPC-1, derived from human papillary thyroid carcinoma (24) ; WRO, derived from human follicular thyroid carcinoma (25); and TAD-2, derived from human fetal thyroid cells (26) . As illustrated in Fig. 1A , the number of viable TPC-1 cells increased already after 16 hours of incubation in galactose whereas TAD-2, WRO, and XTC.UC1 cells remained unchanged. After 48 to 72 hours of incubation, the number of viable TAD-2 and WRO cells decreased only slightly whereas the XTC.UC1 cells exhibited a significant loss of viability [<15 F 6% (n = 5), viable after 72 hours].
MtDNA Mutations in Thyroid Oncocytoma
TPC-1 and XTC.UC1 cells were then chosen for further analysis because they exhibited the most divergent behavior in galactose medium. ATP levels were measured in cells grown either in glucose or in galactose medium. In glucose medium, TPC-1 and XTC.UC1 cell lines had a similar ATP content [6.61 F 1 (n = 8) and 6.22 F 0.4 nmol/mg protein (n = 8), respectively]. By replacing glucose with galactose, ATP levels decreased slightly after 8 hours in both cell lines. However, after longer incubation periods, cellular ATP increased to almost the initial value in TPC-1 cells whereas it further decreased in XTC.UC1 cells (Fig. 1B) . It is therefore apparent that XTC.UC1 cells are unable to survive when forced to rely on the mitochondrial respiratory chain to synthesize ATP.
Further investigation of respiratory chain function was undertaken to identify the defective complex(es) responsible for the energetic failure of XTC.UC1 cells. The rate of ATP synthesis driven by complex I substrates (glutamate plus malate) was found to be dramatically reduced in digitonin-permeabilized XTC.UC1 in comparison with TPC-1 cells, whereas in the presence of the complex II substrate succinate, the reduction was not significantly different (Fig. 1C) .
The rate of state 3 respiration (i.e., respiration in the presence of phospho-acceptor ADP), determined in digitonin-permeabilized TPC-1 and XTC.UC1 cells, supported by glutamate plus malate, was about half of that obtained using succinate (Fig. 1D) . Noticeably, in XTC.UC1 cells, the state 3 rate supported by glutamate plus malate was about thrice lower than in TPC-1 cells and the succinatesupported rate was also significantly reduced.
Respiratory complex activities and ROS production. Assessment of mitochondrial respiratory redox activity was done in isolated mitochondria. Complex I activity was assayed using both decyl-ubiquinone and coenzyme Q1 as acceptors (19) . The results with these two acceptors were totally overlapping in both cell lines. Sensitivity to the specific inhibitor rotenone (5 Amol/L) was high in both types of cells, indicating that complex I had indeed been assayed rather than contaminating dehydrogenase activities (27, 28) . NADH-decyl-ubiquinone oxidoreductase activity in XTC.UC1 mitochondria was found to be very unstable, unlike the activity in mitochondria from TPC-1 cells: after one freeze-thaw cycle, the activity was dramatically decreased (À40%) and became completely rotenone-insensitive (data not shown). Complex I-specific activity, normalized to citrate synthase activity, was found to be significantly lower in XTC.UC1 cells (Fig. 2A) . Succinate oxidation was measured as cytochrome c reductase activity and no significant difference was observed between the oncocytic and control cell lines ( Fig. 2A; ref. 29) .
Complex III activity was assayed using reduced decyl-ubiquinone as the electron donor because this quinone analogue has been shown to be the best substrate in all systems tested (29) . The rates of cytochrome c reduction were highly sensitive to the specific inhibitor antimycin A. This activity was significantly lower in the oncocytic cells. Cytochrome c oxidase was found to be highly active and completely cyanide sensitive, and no significant difference was observed between the two cell lines.
Analysis of the production of ROS showed that, under basal conditions, XTC.UC1 cells produced a significantly higher amount of ROS in comparison with TPC-1 (Fig. 2B) . ROS generation was not increased by rotenone in either cell line whereas it was strongly stimulated by antimycin A. Interestingly, antimycin A stimulation was lower in the XTC.UC1 cell line. Addition of the uncoupler carbonyl cyanide p-(trifluoro-methoxy)phenylhydrazone decreased ROS production only slightly in both cell lines, indicating that reverse electron transfer through complex I is not the main source of oxygen radicals, as suggested for several mitochondrial systems (6) .
Analysis of mitochondrial proteins. Western blot analysis for the complex subunits, for which antibodies were available, was done on the two cell lines. The amount of the ND6 and NDUFA9 subunits of complex I was significantly reduced in XTC.UC1 cells whereas several subunits of complex II (Ip and Fp), complex III (core II, subunits VI and ISP), complex IV (COXVa and COXVIc), and complex V (a subunit of ATP synthase) were more abundant in XTC.UC1 when normalized against porin expression (Fig. 3A) . However, the most striking result was obtained for the ND1 subunit of complex I. Because this protein was detectable only in mitochondrial extracts, Western blot analysis using an antibody specific for human ND1 subunit was done on mitochondrial fractions isolated from XTC.UC1 and TPC-1 cells. As reported in Fig. 3B , no band corresponding to the ND1 subunit was detected in mitochondria isolated from XTC.UC1 cells. These results clearly indicate that only the amount of complex I subunits is severely decreased in the oncocytic cell line.
Viability and ATP levels in osteosarcoma-derived cybrids carrying XTC.UC1 mtDNA. To discriminate whether the energetic failure of the XTC.UC1 cell line is due to mtDNA or nuclear DNA mutations, we decided to use the cybrid cell model (30) . Cybrids are obtained by fusing a rho-0 cell line (host) completely devoid of mtDNA, with cytoplasts produced by enucleation of cells (donor) containing the mtDNA variants of interest. In this way, the mtDNA of a donor cell can be studied in the context of a ''neutral'' nuclear background.
We introduced the XTC.UC1 mtDNA into the osteosarcoma 143B.TK À -derived rho-0 cells, obtaining several transmitochondrial cell hybrid (HXTC cybrid) clones. Absence of XTC.UC1 nuclear DNA was tested by using nine different microsatellite markers. The cybrid clones presented a marker profile identical to the parental 143B.TK À whereas the original XTC.UC1 profile was different (data not shown). Cell viability and ATP levels of control and of the three HXTC cybrid clones incubated in galactose medium were then determined. Figure 4A shows that the viability of all HXTC cybrid clones was significantly decreased in comparison with control cybrids. Accordingly, in controls, ATP levels only slightly decreased after 24 hours, whereas in HXTC clones they were dramatically reduced already after 8 hours of incubation in galactose medium, being significantly different after 16 hours (Fig. 4B) . After 24 hours, ATP levels in HXTC clones were even lower than in XTC.UC1 parental cells (see Fig. 1B ). It is worth noting that the reduction of ATP content in control cybrids, but not in HXTC clones, was transient, being the initial value recovered after 48 to 72 hours (data not shown). These results clearly show that HXTC cybrid clones are remarkably more susceptible than control cybrids to the metabolic stress caused by the forced use of oxidative phosphorylation. This observation strongly suggests that the defective respiratory phenotype in HXTC cybrids was transferred with the mitochondrial genome, which most likely carried pathogenic mutations.
Mitochondrial genome sequencing. We sequenced the entire mtDNA of all cell lines tested with the MitoALL kit (Applera). Fortysix overlapping fragments covering the entire 16.5-kb mtDNA were amplified from genomic DNA, directly sequenced on both strands and analyzed with SeqScape version 2.5. As a reference sequence, we used the revised version of the Cambridge Reference Sequence. 7 A list of all the variants identified is reported in Table 1 . Several DNA alterations were identified in TPC-1, WRO, and TAD-2 cell 7 http://www.mitomap.org. Figure 4 . Determination of cell viability and ATP levels in control and HXTC cybrid clones during incubation in galactose medium. Control and HXTC cybrid clones were incubated in DMEM-galactose medium for the times indicated. A, cell viability was determined as described in Fig. 1A . Points, mean of three to five experiments; bars, SD. *, P < 0.01, values significantly different from that of HXTC cybrid clones. B, ATP content was determined as reported in Fig. 1B . Points, mean of three to four experiments; bars, SD. *, P < 0.05, values significantly different from that of HXTC cybrid clones. 7 This also suggests that cellular differences in growth rate in galactose medium were not due to mtDNA variants and they could all be considered as controls for XTC.UC1 cell viability. The potential effect of each missense substitution (either novel or already reported) on protein structure and function was evaluated in silico using PolyPhen program (Polymorphism Phenotyping), which predicts the potential effect of amino acid substitutions on protein structure and activity (31) . All the missense variants identified in TPC-1, WRO, and TAD-2 cells were benign (data not shown). Interestingly, a C insertion at bp3571 was identified in XTC.UC1 (Fig. 5A ). This frameshift mutation inserts a premature stop codon at amino acid 101 in the ND1 subunit of complex I, thus generating a truncated ND1 protein, which could explain the data from Western blot analysis showing a complete absence of the fulllength ND1. No lower band could be detected for the truncated form (data not shown); thus, it might be hypothesized that the short pathologic variant is degraded early on. A second mutation, 15557G>A, was identified in XTC.UC1, which inserts a nonconservative missense substitution, E271K, in cytochrome b, the only mtDNA-encoded subunit of complex III (Fig. 5B) . For both changes, heteroplasmy was evaluated by insertion of the relative PCR products into the pcDNA2.1 vector, transformation in the E. coli strain INV5a, and analysis of f50 clones for each mutation. The mutation in ND1 was found to be heteroplasmic, with a 5.7% presence of the wild-type allele (6C stretch) and a 94.3% presence of the mutated allele (7C stretch), whereas for the mutation in cytochrome b, heteroplasmy was evaluated as 29.7% of the wildtype allele (G) and 70.3% of the mutated allele (A).
The two changes in ND1 and in cytochrome b were absent in a large collection of f2,000 healthy individuals 8 and the ND1 (B) Noncoding changes Cancer Research.
on September 23, 2017. © 2006 American Association for cancerres.aacrjournals.org Downloaded from mutation was also reported as an ''unpublished'' mutation in a case of parathyroid neoplasia in the mitochondrial variant database. 7 The mutation in cytochrome b corresponding to the E271K substitution affects an amino acid, which is completely conserved throughout evolution. PolyPhen analysis was also done for this mutation and it showed that it is probably damaging (positionspecific independent count score, 1.753).
All HXTC cybrid cell clones were also tested for the presence of the two specific XTC.UC1 mitochondrial mutations and heteroplasmy was measured as previously described. All the clones were found to carry the mutations in ND1 and cytochrome b; however, some differences in the degree of heteroplasmy were observed. For the ND1 mutation, the presence of the wild-type allele (6C) was between 5% and 7.4% in all clones. Conversely, for cytochrome b mutation, we detected percentages of the wild-type allele of 42%, 50%, and 73% in HXTC1, HXTC13, and HXTC11 clones, respectively. The higher percentage of heteroplasmy determined in HXTC11 in comparison with other clones is likely to be responsible for the slow decrease of ATP content during incubation in galactose medium (Fig. 4B) , suggesting that the oxidation of substrates through complex II/III may partially compensate for the complex I impairment.
Discussion
In the present study, we show for the first time that the occurrence of a severe energetic dysfunction in a thyroid oncocytic cell model can be attributed to two pathogenic mtDNA mutations: the first is a frameshift mutation in the gene encoding ND1 subunit of complex I, which generates a truncated version of the ND1 protein; the second mutation is a missense substitution in the cytochrome b gene, which affects the catalytic site involved in the electron transfer of complex III. Both mutations were found to be heteroplasmic and were predicted to have a pathogenic role, the first resulting in the absence of the ND1 subunit and the second affecting an invariant amino acid position.
Detailed biochemical analysis showed that XTC.UC1 cells are unable to grow after forced use of oxidative phosphorylation. Furthermore, in XTC.UC1 cells, the rates of mitochondrial ATP synthesis and oxygen consumption driven by complex I substrates were dramatically decreased in comparison with TPC-1 cells. Conversely, in the presence of complex II substrate, the difference between the two cell lines was less relevant. Accordingly, NADHdecyl-ubiquinone oxidoreductase activity was also significantly lower in the oncocytic cells and, in addition, was very unstable, unlike the activity in control mitochondria. A low respiratory rate has also been reported in mitochondrial disorders caused by maternally inherited mtDNA defects, such as Leber's hereditary optic neuropathy, wherein mutations in the ND4, ND1, and ND6 subunits of complex I hamper the physiologic electron transfer to oxygen through the respiratory chain (18, (32) (33) (34) .
In XTC.UC1 cells, Western blot analysis showed an up-regulation of some subunits of the respiratory complexes, most likely due to a compensatory effect for the energetic impairment. The ND1 protein was completely absent; although at the DNA level a small amount of the wild-type allele was present, the amount of wild-type protein produced may be insufficient to be detected. However, the fact that expression of the ND6 subunit was also remarkably reduced in the oncocytic cells suggests possible derangements in complex I assembly through the generation of subsequent subcomplexes (35) . In particular, subcomplex formation may be impaired by the absence of ND1 in XTC.UC1, as shown in Leigh's syndrome, wherein mutations in ND6 cause a defective complex I assembly (36) . The presence of an ND1-truncating mutation in XTC.UC1 provides a further model with which to study the detailed steps of complex I assembly.
The other novel mutation identified in XTC.UC1 cells is a heteroplasmic mutation that affects the cytochrome b gene. In agreement with this finding, a significant decrease in complex III activity was identified in the oncocytic cell line. Although this amino acid substitution is predicted to be deleterious, it is possible that the percentage of the wild-type cytochrome b allele is sufficient to complement the pathogenic effects at the cellular level, and this would hence explain why the activity of complex III, although reduced, still remains higher than both the rates of NADH and succinate oxidation. Further studies are needed to address the exact role of this mutation in relation to the oncocytic phenotype and to establish a heteroplasmy threshold for expressing the pathogenic effect of this mutation on complex III activity.
The dramatic increase in ROS production in the oncocytic cell line is compatible with the decrease in activity of both complexes I and III, the major mitochondrial sources of ROS (7) . The relative quantitative relevance of mitochondrial and extramitochondrial sources of ROS production (27) cannot be evaluated under the experimental conditions used. Nevertheless, it is of interest that the stimulation by antimycin A is less prominent in XTC.UC1 cells, perhaps indicating that basal ROS production is higher per se in their mitochondria. Significantly, the results are in accordance with the enhanced ROS generation observed in inherited complex I deficiencies (37-41). Although several reports to date have identified mtDNA variants in different types of tumors, thus far, no clear direct link has been established about their pathogenic role. A causative role of nuclear-encoded mitochondrial proteins has previously been shown for specific tumors (42) . Recent reports show a frequent recurrence of mtDNA variants in complex I, III, IV, and V subunit genes in thyroid oncocytic tumors (8, 43) although no direct link was made between any specific bioenergetic defect and these mtDNA variants. A useful experimental approach to investigate the cellular phenotype associated with mtDNA mutations is provided by the cybrid cellular model. The results reported here strongly show that the energetic failure in the XTC.UC1-derived cybrid clones is due to mtDNA mutations present in the XTC.UC1 parental cells, ruling out a role for nuclear DNA. The next most interesting step will be to detect the prevalence of such mutations in stabilized cell lines of oncocytic thyroid tumors, as well as in primary tumors. Preliminary data from our group suggest that disruptive mutations are also found in the mtDNA of pathologic specimens derived from thyroid oncocytic tumors. 9 Defects in the mitochondrial respiratory chain leading to decreased energy production primarily affect tissues with high energy requirements and render cells unable to adapt to conditions of reduced mitochondrial energy supply. This might explain how mtDNA mutations in the thyroid, an organ with elevated energy consumption, might promote aberrant cellular growth leading to the oncocytic phenotype. Interestingly, complex I defects induce mitochondrial outgrowth as a consequence of increased ROS production (44) . It is therefore tempting to speculate that the oncocytic character of these tumors is due to stimulation of mitochondrial proliferation by ROS.
In conclusion, mtDNA mutations identified in the oncocytic XTC.UC1 cells and the related mitochondrial energy dysfunction could represent biomarkers for oncocytic tumors and may contribute to the development of specific treatments for this potentially lethal form of thyroid cancer.
